Summary: Local rates of glucose utilization in the su perior cervical, cardiac, and coeliac ganglia were mea sured by means of the autoradiographic 2-deoxY-D [14C]glucose method in male spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto rats (WKY), 32-34, 46-48, and 78-87 days old. Brain glucose utili zation was examined in 78-87-day-old SHR and WKY . At 32-34 days (at which time mean arterial blood pres sure was normal and similar in both groups of rats), the rates of glucose utilization of all three sympathetic ganglia were the same in both groups. At 46-48 days, despite the fact that blood pressure had risen significantly in SHR (mean ± SEM, 136 ± 3 mm Hg, n = 5, compared to 113 ± 3 mm Hg, n = 5, in the control WKY), glucose utilization was decreased in the cardiac and coeliac gan glia but not in the superior cervical ganglia of the SHR.
At 78-87 days, glucose utilization was reduced in all the sympathetic ganglia of the hypertensive rats. These re sults suggest that the sympathetic system is less active in SHR and indicate that hyperactivity of the sympa thetic nervous system is not part of the mechanism of the hypertension. Of 44 structures examined in the central nervous system, only the external cuneate, vestibular, and fastigial nuclei of the SHR exhibited increased rates of glucose utilization, and no changes were found in any of the other structures. These increases are probably not related to the origin or maintenance of the hyperten sion, inasmuch as lesioning of the vestibular or fastigial nuclei did not decrease blood pressure in the SHR. Key Words: 2-[14C]Deoxyglucose-Hypertension-Sponta neously hypertensive rats-Sympathetic system. lams et aI. (1977, 1979) found evidence that the ad renal glands and gonads were important factors in the pathogenesis of the hypertension. Baer et aI. (1972) , however, failed to confirm a role for the ad renal gland. Other investigators have shown that plasma renin activity is lower in SHR (Koletsky et aI. , 1970; Sen et aI. , 1972; Freeman et aI. , 1975; Sowers et aI. , 1981) , thus eliminating the impor tance of the peripheral renin-angiotensin system in the genesis of the hypertension. In the pathogenesis of the hypertension a role for the sympathetic ner vous system has also been considered and sought, but the results have been controversial. Increased sympathetic activity (Okamoto et aI. , 1967; lriuchi jima, 1973; Judy et aI. , 1976; Bufiag and Ta keda, 1979; Thoren and Ricksten, 1979; Mueller and Ertel, 1983) , decreased activity (Louis et aI. , 1968 (Louis et aI. , , 1969 (Louis et aI. , , 1970 , and no change (Lais et aI. , 1974; Roi zen et aI. , 1975; To uw et aI. , 1980; Francisco et aI. , 1981; Trippodo et aI. , 1981) have been reported. Dif ferent approaches have been utilized to assess the level of sympathetic activity: recordings of inte-grated or single sympathetic fiber activity in splanchnic, renal, and lumbar inferior nerves and cervical sympathetic trunk (Okamoto et aI. , 1967; Iriuchijima, 1973; Lais et aI. , 1974; Judy et aI. , 1976; Bufiag and Takeda, 1979; Thoren and Ricksten, 1979; Francisco et aI. , 198 1; Trippodo et aI. , 198 1; Mueller and Ertel, 1983) ; determination of plasma catecholamines and other biochemical indices (Gro becker et aI. , 1975; Roizen et aI. , 1975; Nagaoka and Lovenberg, 1976; Nagatsu et aI. , 1976; Chiueh and Kopin, 1978; Alexander and Velasquez, 1979) ; measurement of cardiovascular responses to phar macologic agents (Freis et aI. , 1972; Haeusler et aI. , 1972; Antonaccio et aI. , 1979; To uw et aI., 1980; Whall et aI. , 1980) ; and determination of catechol amine metabolism in peripheral (Louis et aI. , 1968 (Louis et aI. , , 1969 (Louis et aI. , , 1970 Nakamura et aI. , 197 1) and central tis sues (Yamori et aI. , 1970; Erinoff et aI. , 1975; Gro becker et aI. , 1976; Sved et aI. , 1979) . Although most of those studies suggest enhanced sympathetic nervous activity in the SHR, the results have been far from uniform, and the role of the sympathetic nervous system remains undefined.
The present studies were carried out to determine by means of the quantitative autoradiographic 2-[14C]deoxyglucose method (Sokoloff et aI. , 1977) whether specific regions of the brain and the sym pathetic ganglia of SHR have altered functional ac tivity compared to normotensive WKY. Because there is an intimate relationship between functional activity and energy metabolism (Sokoloff, 1977) , re gions with altered function can be identified by changes in their rates of glucose utilization. The results indicate that the fastigial, vestibular, and ex ternal cuneate nuclei may have increased glucose utilization, but the glucose metabolism of the su perior cervical, cardiac, and coeliac ganglia of SHR is depressed compared to that of normotensive WKY . These observations suggest that the sympa thetic nervous system is not hyperactive in the SHR and that the level of sympathetic activity is not the determinant factor in the genesis of the hyperten sion. 
METHODS Chemicals

Animals
The experiments were performed on male rats of the SHR and WKY strains; the SHR were hypertensive, and the WKY served as normotensive controls. The rats were obtained from Ta conic Farms (Germantown, NY, U.S.A.) and were kept in our facility and allowed free access to food and water for 3-12 days before the experiment. The age of the animals varied between 32-34, 46-48, and 78-87 days on the day of the experiment. Local cerebral glucose utilization was measured only in the rats between 78 and 87 days of age. Glucose utilization in the sympa thetic ganglia was measured in all three age groups.
Measurement of local cerebral glucose utilization
Local rates of glucose utilization in the central nervous system and sympathetic ganglia were determined by the 2-[14C]deoxyglucose technique (Sokoloff et aI., 1977) . Polyethylene catheters were inserted into a femoral artery and vein under light halothane anesthesia, and a loosely fitted abdominal-pelvic plaster cast was applied for re straint. The animals were then allowed to recover from the effects of anesthesia for a minimum of 2 h before the measurement of glucose utilization was begun. The pe riod of measurement was initiated by administration of an i. v. pulse of 2-deoxY-D-[14C]glucose at a dose of 125 fJ-Ci/kg. Timed arterial blood samples were then drawn throughout the following 45 min. The blood samples were immediately centrifuged in a Beckman Microfuge B (Beckman Instruments, Fullerton, CA, U.S.A.), and the plasma was separated and stored on ice until assayed for [l4C]deoxyglucose concentration by liquid scintillation counting and glucose concentration by enzymatic methods, as previously described (Sokoloff et aI., 1977) . At the end of the 45-min period, the animals were killed with a fatal i.v. dose of sodium pentobarbital, and their brains were removed, frozen in isopentane chilled to -4SOC with dry ice, and coated with chilled embedding medium (M-l Embedding Matrix; Lipshaw Manufac turing Co., Detroit, MI, U.S.A.). The superior cervical, cardiac, and coeliac ganglia (nomenclature according to Greene, 1955) were also removed and mounted in frozen embedding medium in a small aluminum foil container. The brains and ganglia were then stored at -70°C until sectioned and auto radiographed .
The frozen tissues were cut into 20-fJ-m sections in a cryostat (American Optical Co., Buffalo, NY, U.S.A.) maintained at -22°C. The cut sections were picked up on glass cover slips, dried on a hot plate at 60-70°C for at least 5 min, and autoradiographed on Kodak SB-5 X ray film (Eastman Kodak, Rochester, NY, U.S.A.) as previously described (Sokoloff et aI., 1977) . Local tissue 14C concentrations were determined by densitometric analysis with a Photoscan® P-I000 scanning microden sitometer (Optronics International, Inc., Chelmsford, MA, U.S.A.) and an image-processing system described by Goochee et al. (1980) . Local rates of glucose utilization were calculated from the 14C concentrations in the tissues and the time courses of the arterial plasma [14C]deoxyglucose and glucose con centrations by means of the operational equation of the method (Sokoloff et aI., 1977) .
Miscellaneous physiological variables
Arterial blood pressure and body temperature were measured at various intervals during the experimental procedure. Hematocrit, arterial pH, Po2, and Peo2 were analyzed 5 min before the initiation of the measurement of glucose utilization. Mean arterial blood pressure was recorded from the femoral artery by means of a Beckman strain gauge and polygraph (Beckman model R611; Beckman Instruments). Rectal temperature was followed with a YSI model no. 73 Te le-Thermometer® (Yellow Springs Instrument Co., Yellow Springs, OH, U.S.A.). Hematocrit was determined from blood samples collected in capillary tubes and centrifuged. Arterial blood pH, Po2, and PC02 were measured with a blood gas analyzer (In strumentation Laboratories Inc., Lexington, MA, U.S.A.).
Stereotaxic lesions
To determine if destruction of the fastigial and vesti bular nuclei would restore arterial blood pressure in SHR to normal levels, lesions were produced stereotaxically in several animals of the SHR and WKY strains. The ani mals were anesthetized with halothane, and a polyeth ylene catheter was inserted into the tail artery. The an esthesia was then discontinued, and 2 h later arterial blood pressure was measured before lesions were made. The animals were then reanesthetized with sodium pen tobarbital (45 mg/kg, i.p.), and electrolytic destruction of the vestibular or fastigial nuclei was carried out bilater ally. A current of 4 rnA was passed for 10 s between an electrode placed stereotaxically in the selected area (ac cording to the stereotaxic coordinates of Pellegrino et aI., 1980) and another electrode attached to the incised skin over the skull. The animals were then allowed to recover from the effects of anesthesia. Arterial blood pressure was measured again 7 days after the lesions were pro duced. After the final measurements of blood pressure, the rats were killed with an overdose of sodium pento barbital, and their brains were perfused via the heart and aorta with normal saline and 10% formalin. Serial sec tions, 20 fLm thick, were then cut from the fixed brain and stained with cresyl violet for histological verification of the topography of the lesions.
Statistics
The data were analyzed for statistical significance by Student's t test for grouped comparison. It was recog nized that the application of the t test in multiple com parisons in 44 structures carried the risk of spurious find ings of so-called statistically significant changes at p < 0.05 due to chance alone. The alternative of using other statistical procedures designed for mUltiple comparisons carried, however, an equal risk of failing to reveal, indeed obscuring, functionally significant changes that might occur in only one or a few of the structures examined. It was decided, therefore, to use the t test and risk the pos sibility of spurious statistically significant changes in some structures, but to evaluate the functional signifi cance of such changes by experimental rather than sta tistical means.
RESULTS
Physiological variables
At 32-34 days of age, mean arterial blood pres sure was identical in the normal WKY and the SHR (Table I) . At 46-48 days, arterial blood pressure had already risen in the SHR to levels significantly higher than those of the control WKY, and the hy pertension was even more marked in 78-87-day-old animals. There were no significant differences in arterial blood pH, PC02, Po2, hematocrit, or arterial plasma glucose concentration between the WKY and SHR at 78-87 days of age (Table 2) .
Local glucose utilization in the sympathetic ganglia
There were no significant differences in the rates of glucose utilization of the superior cervical, car diac, and coeliac sympathetic ganglia of the 32-34-day-old WKY and SHR (Table 3 ). In the WKY, glu cose utilization remained more or less constant with age in the superior cervical ganglion, but increased in the coeliac and cardiac ganglia by �80% at 46-48 days, and by �50% at 78-87 days, above the levels at 32-34 days. In contrast, in the SHR there were no increases in glucose utilization in any of the sympathetic ganglia with age; instead there were moderate declines in glucose utilization of the cardiac and coeliac ganglia at 46-48 days and marked decreases at 78-87 days in all the sympa thetic ganglia, including the superior cervical gan glion (Table 3 ). The net result was that the rates of glucose utilization in the cardiac and coeliac ganglia of the SHR were significantly lower than those of the WKY at 46-48 days and markedly lower in all the sympathetic ganglia of the SHR than in the WKY at 78-87 days (Table 3) . Arterial blood Pcoz (mm Hg)
Hematocrit (%)
Plasma glucose concentration (mg/ml)
1.81 ± 0.04 1.64 ± 0.07
Values are means ± SEM of seven animals in each group. There were no statistically significant differences between the groups (p > 0.05). Cardiac ganglion 69 ± 10 (7) 34 ± 4 (8)"
Coeliac ganglion 77 ± 14 (6) 34 ± 4 (8)"
" Statistically significant difference between WKY and SHR (p < 0.05).
Values (J-LmoI/IOO g/minl represent means ± SEM of the number of animals indicated in parentheses.
Local cerebral glucose utilization
Local cerebral glucose utilization was measured in 78-87-day-old WKY and SHR when the hyper tension had become fully established. There were no significant differences between the WKY and SHR in any of 44 structures examined, except for three-the external cuneate, fastigial, and vesti bular nuclei, all of which exhibited significantly higher rates in the SHR than in the WKY (Table 4) . Contrary to evidence implicating some other central areas in the maintenance of hypertension in SHR (Galeno et aI., 1982; Ciriello et aI., 1983) , there were no changes in glucose utilization in the amygdala or in the paraventricular nuclei.
Effects of lesions of the fastigial and vestibular nuclei
The fastigial and vestibular nuclei are compo nents of neural systems that are known to be in volved in cardiovascular reflexes. To examine the possibility that the elevated glucose utilization in these structures in the SHR truly reflected in creased functional activity that contributed to the arterial hypertension, the effects of lesions in these structures on arterial blood pressure was examined. Complete destruction of the fastigial nucleus was achieved in three SHR and five WKY at 78-87 days. In both groups, destruction of the fastigial nucleus produced no change in arterial blood pres sure (Table 5 ). Complete destruction of the vesti bular nuclei, including the lateral, superior, and me dial components, was achieved in three SHR and four WKY at 78-87 days. These lesions also failed to alter arterial blood pressure in either group (Table  5) . Increased functional activity in the fastigial or Globus pallidus 50 ± 2 53 ± 4
Accumbens nucleus 77 ± 4 81 ± 5
Neocortex Frontal cortex 108 ± 3 105 ± 4
Sensorimotor cortex 102 ± 3 94 ± 4
Auditory cortex 126 ± 4 126 ± 2
White matter Corpus callosum 31 ± I 32 ± 2 " Denotes statistical significance between groups (p < 0.05).
as determined by t test for grouped comparisons.
Values (J-LmoI!IOO g/min) are the means ± SEM of seven ani mals in each group. Values are the means ± SEM obtained in the number of animals indi cated in parentheses. There were no significant effects of lesions on mean arterial blood pressure.
vestibular nuclei does not appear, therefore, to con tribute to the hypertension of the SHR ( Table 5) .
DISCUSSION
The present studies demonstrate that the rates of glucose utilization in the superior cervical, cardiac, and coeliac ganglia of SHR are identical to those of normotensive WKY at 32-34 days of age when blood pressure is not yet significantly different be tween the two groups, but at 46-48 days, when blood pressure has risen in the SHR, glucose utili zation is decreased in the cardiac and coeliac but not in the superior cervical ganlia. At 78-87 days, the rates of glucose utilization in all the sympathetic ganglia examined are significantly lower in SHR than in control animals. These results suggest that, contrary to reported results of electrical recording from sympathetic nerves (Okamoto et aI., 1967; Ir iuchijima, 1973; Judy et aI., 1976; Buflag and Takeda, 1979; Thoren and Ricksten, 1979; Mueller and Ertel, 1983) , the functional activity of the sym pathetic nervous system is not enhanced in SHR. The relationship between functional activity and glucose utilization in the sympathetic ganglia has previously been demonstrated (Yarowsky et aI., 1983) ; electrical stimulation of the cervical sympa thetic trunk sufficient to produce physiological ef fects in the projection regions of the superior cer vical ganglion produces a frequency-dependent ac tivation of glucose utilization in the ganglion in the physiological range of spike frequencies.
It is known that SHR are more reactive to stress than are normal rats (Halbach and Folkow, 1974; Halbach, 1976; Chiueh and Kopin, 1978; Lundin and Thoren, 1982) , and in our studies the rats were partially restrained. If the restraint was stressful to the animals, this would be expected to be expressed as an increase in sympathetic activity. Neverthe less, even in these circumstances glucose utilization J Cereb Blood Flow Me/abol, Vol. 3, No.4, 1983 was found to be lower in the sympathetic ganglia of the SHR than in the WKY. The arterial plasma glu cose concentration, which often reflects sympa thetic activity, was also not statistically different in SHR compared to the WKY, even under these re strained conditions ( Table 2) . It has been shown that plasma levels of catecholamines are not higher in SHR than in normotensive control animals (Roizen et aI., 1975; Chiueh and Kopin, 1978; Kvetnansky et aI., 1979) . These results, therefore, suggest that increased sympathetic nervous system activity is unlikely to be responsible for the hypertension in the SHR.
The present results indicating lower rather than higher sympathetic activity in SHR are consistent with reports that catecholamine synthesis and turn over are decreased in peripheral tissues with sym pathetic innervation in SHR (Louis et aI., 1968 (Louis et aI., , 1969 (Louis et aI., , 1970 Nakamura et a!. , 1971; Sjoerdsma, 1972) . Lais et a!. (1974) were unable to detect any evidence of an increase in sympathetic activity in SHR, either by recording integrated activity in the lumbar nerves or by acute bilateral sympathectomy at L3; sympathectomy provoked a significantly greater fall in vascular resistance in normotensive control rats, indicating that vascular tone of neu rogenic origin is not enhanced in SHR. Indeed, the finding of decreased glucose utilization in the sym pathetic ganglia of the SHR in the present studies suggests rather a decreased sympathetic activity, possibly secondary to the elevated arterial pressure via baroreceptor reflexes.
In the central nervous system, the rates of glu cose utilization were the same for SHR and WKY at 78-87 days of age in all but the fastigial, vesti bular, and external cuneate nuclei. These nuclei ap peared to exhibit increased glucose utilization in the hypertensive rats at p < 0.05, according to the t test used. The statistical significance of these effects could have been spurious, but the fastigial and ves tibular nuclei are known to be involved in cardio vascular regulation. Therefore, the possibility of their participation in the genesis of the hypertension could not be ignored. Selective electrical stimula tion of the fastigial nucleus provokes stereotypical rises in blood pressure and heart rate, which are mediated by the sympathetic nervous system Dowman, 1969, 1970; Miura and Reis, 1969 Doba and Reis, 1972a) . This re sponse is similar to the compensatory phase of the orthostatic cardiovascular reflexes elicited by main tenance of an upright posture (Doba and Reis, 1972b, 1974; Huang et a!., 1977) . Lesions in each of these nuclei impair the cardiovascular reflex in response to the adoption of an upright position (Doba and Reis, 1974; Huang et al. , 1977) . In creased glucose utilization in the fastigial and ves tibular nuclei could have been an indicator of path ological overactivity of this reflex pathway in the SHR. Complete destruction of the fastigial and ves tibular nuclei did not, however, alter the hyperten sive state in the SHR. Moreover, Lais et al. (1974) demonstrated that tilting elicited a greater fall in arterial blood pressure in SHR than in normotensive rats, and the reflex increase in the sympathetic ner vous activity during such a maneuver was not greater in the SHR. This observation also indicates that sympathetic nervous activity is not increased in SHR and suggests that these animals are unable to compensate normally for orthostatic challenges. The increased glucose utilization in the fastigial and vestibular nuclei, therefore, may have been spu rious statistical findings or may reflect the motor hyperactivity which would activate vestibular re flexes in the SHR; these animals are much more active and react more vigorously to environmental stimuli than do the control WKY (Halbach and Folkow, 1974; Halbach, 1976; Kvetnansky et al. , 1976 Kvetnansky et al. , , 1979 McCarty et al. , 1978; Lundin and Thoren, 1982) . The sensorimotor cortex, however, showed similar rates of glucose utilization in both groups of animals, but the external cuneate nucleus, which receives input from somatosensory fibers (Brodal, 1981) , has increased glucose utilization in SHR. The changes in glucose utilization in the cen tral nervous system, therefore, probably reflect sec ondary effects and not alterations in functional ac tivity contributing to the hypertensive state.
The findings of the present studies of no changes in local rates of cerebral glucose utilization (except in the external cuneate, fastigial, and vestibular nu clei) in SHR are at variance with those of Hayashi and Nakamura (198 1), who reported widespread in creases in rates of glucose utilization in the central nervous system of SHR. These authors also used the [14C]deoxyglucose method, but they modified it to administer the pulse of [14C]deoxyglucose into a single carotid artery, rather than through a vein, as originally described. When the tracer is adminis tered through a single carotid artery, its distribution to the various parts of the brain is not uniform, and it is impossible to define the input function of the tracer to the various tissues. The equation used to calculate the local rates of glucose utilization is then invalid. For this reason, perhaps, the rates of glu cose utilization in the various cerebral structures reported by them bear little resemblance to those obtained by the conventional [14C]deoxyglucose method, even in the normal rats, and the effects in the cerebral structures of the SHR reported by them, therefore, are highly questionable.
